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Corrigenda 


Page  10,  last  para.  Amend  to  read: 

"The  values  of  the  rate  constants  in  Table  V are  in  reasonable 
agreement  with  the  value  obtained  in  Table  III,  viz.  2.99  x 10~2 
hours 


Page  15,  para.  3.  Insert  at  end  of  paragraph: 

"However,  at  ordinary  temperatures  the  rate  of  attainment  of 
equilibrium  will  be  too  low  to  affect  storage  life  seriously.  It 
is  estimated  that  at  25°C,  the  times  for  ift  and  lOfo  decomposition 
by  disproportionation  are  about  14  months  and  12  years  respectively. 
These  figures  are  derived  for  pure  GB  in  the  absence  of  base.  With 
stabilised  technical  GB,  the  times  may  be  very  much  greater." 
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1.  Further  work  on  the  thermal  decomposition  of  isopropyl  methylphosphono- 
fluoridate  (GB)  has  shown  that  the  reactions  involved  differ  in  some  respeats 
fraa  the  scheme  previously  suggested# 

2*  The  data  previously  obtained  have  been  reconsidered  in  aooordanoe  with 
the  later  findings  and  new  values  for  tiro  rats  constants  obtained#  Values 
of  the  equilibrium  constant  far  the  disproportionation  reaction  have  also 
boon  calculated. 

3#  Experiments  carried  out  have  not  enabled  the  mechanism  of  the  disproportion- 
ation reaction  to  be  elucidated  and  the  significance  of  the  rate  oonstonts 
obtained  for  this  reaction  is  by  no  means  clear. 

4#  The  results  obtained  for  the  propone  evolution  reaction  do  not  differ 
significantly  from  those  previously  obtained  and  the  main  conclusions  of 
earlier  reports  still  hold  good. 


(Sgd.)  T.C.  Nugent, 

Acting  Head,  Chemistry  Section. 

(Sgd. ) E.A.  Ferren, 

Supt,,  Research  Division. 

SECRET 

72573 


54AA 


SECS  S T 


Porton  Technical  Peper  No.442 
Copy  No.  6 8 

Date  13  0CTW 


The  Kinetics  of  the  Thermal  Decomposition  of  Isopropyl 
Me thy Ip ho sphonof luoridate . 


Part  II 

Further  Studies  on  tha  reactions  involved  and  their  mechanisms 


D.J.  Marsh 


1 • Introduction 

The  kinetics  of  the  thermal  decomposition  of  GB  have  been  previously 
studied  and  reported  (Part  I;  Porton  Technical  Paper  No.  265).  The 
mechanisms  of  the  reactions  involved  have  also  been  discussed  by  Bevan 
and  Hudson  (Porton  l'eohnical  Paper  No.  330) » Chemical  aspects  of  the 
storage  stability  of  GB  have  also  been  investigated  (Porton  Technical 
Pauer  No.  381 ) . 

Experiments  carried  out  subsequently  have  shown,  however,  that  the 
reactions  occuring  in  the  decomposition  differ  in  some  respects  fray 
those  given  in  the  previous  report  (P.TJP.  265). 

An  account  of  these  experiments  and  of  other  investigations  into  the 
mechanisms  of  the  reactions  involved  is  given  in  this  report. 

The  two  wain  reactions  now  considered  to  occur  during  the  thermal 
decomposition  of  GB  are:- 

Mo  . He 


Me 

I 

Pitf-O-P-F 

I! 

0 

He 

I 

2 PiP-O-P-F 

II 
0 


HD-P-F  + C^Hg (Reaction  I) 


Pifj -O-P-O-Pe?’  + (Reaction  II) 

H 

0 0 


Of  these  reactions,  the  first  is  acid  catalysed  and  hence  sutooatalytio 
and  does  not  occur  spontaneously.  The  second  is  reversible  and  is  also 
aoid  catalysed  in  both  directions. 
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The  di-isopropyl  rcertt$r3phosphonatc  forced  in  reaction  II  was  previously 
thought  to  undergo  further  decomposition  in  two  stages: - 


1,10 

I 

Pr-’-O-P-O-PrP 

tl 

0 


Pre-0-P-0H  + (Reaction  III) 


Me 

i 

Pr?’-0-P-OH 

II 

0 


j-P-OH  + CjHg  ......(Reaction  IV) 


It  will  be  shown,  however,  that  the  decaaposition  of  tho  di-ester  is 
not  catalysed  by  the  acids  which  nay  be  present  in  the  system,  and  hence 
these  two  reactions  need  not  be  considered  further  fras  the  point  of  view 
of  the  decomposition  of  GB. 


A further  possible  reaction,  the  disproportionation  of  methylpho3phono- 
fluoridic  acid,  was  shown  to  be  reversible: - 


Oil 

2 Me-P-P 

ii 

0 


P 

Me-P-P 

it 

0 


OH 

Me-P-OH 

ii 

0 


(Reaction  V) 


Por  reasons  previously  discussed  (P.T.P.  265) , this  reaction  will  not 
play  an  appreciable  part  in  the  decomposition  of  GB. 


2.  Experimental  Procedure 


The  apparatus,  and  methods  for  following  the  decomposition, used  have 
been  described  previously  (P.T.F's  265  and  381 ) . 


The  GB  used  was  laboratory  prepared  material  which  had  been  purified 
by  redistillation  until  the  apparent  acidity  was  less  than  one  part  per 
million  of  hydrogen  ion. 


Isopropyl  hydrogen  methylphosphonate,  methylphosphonofluoridic  acid, 
me t hylpho sphon i c di fluoride  and  di-isoprepyl  methylphosphonate  were 
redistilled  immediately  before  use. 


The  Kinetics  of  the  reactions  involved  in  the  decomposition  of  GB. 


(a)  Reaction  I.  The  previous  conclusions  (P.T.P.  265)  that  this  is  a 
bimolecular  catalysed  reaction,  and  hence  auto  catalytic,  still 
hold  good.  No  spontaneous  decomposition  of  GB  by  this  reaction 
is  thought  to  occur. 


(b)  Reaction  II.  It  was  previously  thought  that  this  reaction  proceeded 
in  the  forward  direction  only,  the  product  di-isoprqpyl  methyl- 
phosphonate being  removed  by  reactions  III  and  IV,  It  will  bo  shown 
later  in  the  report  however,  that  t lie  so  reactions  do  not  occur  in 
the  system,  and  hence  the  reverse  reaction  II  must  be  considered. 
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Both  the  forward  and  reverse  reactions  involve  two  molecules.  The 
mechanisms  suggested  for  the  reaction  involve  an  initial  ionisation  stage 
for  the  f orward  reaction  ( see  discussion  section) . This  would  be 
comparatively  slow  and  in  the  early  stages  of  the  decomposition  would  be 
rate  determining  and  so  giving  first  order  kinetics.  Subsequently, 
however,  when  the  amount  of  GB  present  has  fallen  the  ionisation  stage 
nay  no  longer  be  rate  determining  and  second  order  kinetics  would  be 
observed. 

Addition  of  di-isopropyl  methylphosphonate  to  technical  GB  did  not 
reduce  the  amount  of  decomposition  by  mass  action  effect  on  reaction  II 
(see  Appendix  VI  to  P.T.P.  381 )•  It  nay  be  that  the  di-ester  is  not 
involved  in  the  rate-determining  stage  in  the  reverse  reaction.  The 
separation  of  a fluoride  ion  from  methylphosphonic  difluoride  could  be 
the  rate  determining  stage,  being  analogous  to  that  suggested  for  the 
forward  reaction.  If, this  is  so,  the  reverse  reaction  would  show  first 

order  kinetics  under  suitable  conditions  where  a sufficient  excess  of 
di-ester  is  present.  In  the  actual  deco;.Tposition  of  GB  this  is  probably 
not  the  case  and  2nd.  order  kinetics  are  probably  obeyed,  especially  in 
the  early  stages  where  the  concentrations  of  difluoride  and  di-ester  are 
small . 

Experimental  verification  of  the  kinetics  of  reaction  II  would  be 
extremely  difficult  as  it  has  not  been  found  possible  to  isolate  this 
reaction  from  the  auto  catalytic  reaction  I which  plays  a much  greater 
part  in  the  decomposition.  At  more  moderate  temperatures  ca.  60°C.  the 
disproportionation  reaction  is  more  important , but  the  reactions  are  very 
slow  and  it  is  doubtful  whether  the  attempt  would  be  worth  while. 

Equations  for  the  disappearance  of  GB  and  the  appearance  of  propane 
and  di-ester  may  be  written  as  follows: - 


_d&Sl  _ kc  i.GBi  |MePO(E)(OH)j  + kd  |gb'  - k 1 d j MePOT o’ j !l,IaK)( OPr) 2 1 

afcjHgl  = kQ  [GB  j j~MePO(  F)  ( OH)j 
dt 

djMaPOFg]  ts  d[lleF0(0Pr)2j  = kd  j ®[  - k^MePOPg  j [laePO(OPr)  2j 
dt  dt 

If  we  put  G — (gbJ,  H r=  |_MePO(P)(^H)l  = j GjIiJ  end 

P = j MeFOFjjj  = j MePO(OPr)  2jj  we  may  write  : - 


-f=  + ka?  -kv2  0) 

S = <2> 

“ » ka&  - kV2  (3) 

dx 

No  satisfactory  solution  of  these  equations  is  possible. 
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The  above  equations  are  applicable  in  the  early  stages  of  the  decomposition 
When  the  decomposition,  has  proceeded  so  that  about  half  of  the  original  SB 
has  decomposed,  it  is  unlikely,  a3  has  already  been  discussed,  that  the  forward 
disproportionation  reaction  still  shows  first  order  kinetics.  In  this  case 
equations  (l)  and  (3)  must  be  replaced  by: - 


and 


-£  <’*> 

— = kdi?-)  “ (3a) 


In  these  equations  no  account  is  taken  of  the  catalysis  of  reaction  II 
by  acid.  If,  as  is  discussed  later,  the  effect  of  acid  is  to  facilitate 
the  separation  of  a fluoride  ion  from  SB  or  the  difluoride,  then  as  the 
catalysis  is  small  compared  with  that  on  reaction  I it  can  probably  bo 
neglected  in  the  early  stages,  whereas  in  the  later  stages  the  separation 
of  the  fluoride  ion  is  probably  not  rate  determining. 


It  is  found  that  the  concentration  of  di -ester  and  difluoride  reaches 
a maximum  as  the  decomposition  proceeds.  (See  figures  1-3)»  and  then 
falls  off  fairly  rapidly.  At  this  maximum  the  net  rate  of  formation  of 
di -ester  and  clifluoride  is  zero  and  hence: - 


and 


. ,2 


Ml) 


ka  _ p2  _ K 
k’d  / G'\2  N 
2) 


where  is  the  equilibrium  constant  for  reaction  U. 


It  is  clear  that  no  true  equilibrium  will  be  set  15)  in  this  reaction, 
but  as  at  lower  temperatures  the  rate  of  reaction  I is  negligible  the  value 
of  will  be  of  some  practical  importance. 

4.  Validity  of  the  results  given  'previously  and  determination  of  new  rate 
constants. 


Since  it  is  now  known  that  the  reverse  reaction  II  must  be  considered  in 
the  decomposition  of  GB,  it  is  clear  that  the  validity  of  the  values  of  the 
rate  constants  calculated  by  the  proceedure  given  in  P.T.P.  265  is  question- 
able. Failure  to  take  this  reaction  into  account  presumably  leads  to  low 
values  for  the  rate  constants  for  the  forward  reaction  II,  The  effect  on 
the  values  of  the  rate  constants  for  reaction  I is  not  readily  seen,  although 
it  may  be  small. 

No  method  of  calculating  rate  constants  using  the  above  equations  can  be 
found,  but  estimates  may  be  made  from  the  slopes  of  the  graphs  showing  plots 
of  G and  11  against  time,  since  the  values  of  G and  M at  a given  time  are 
known  end  also  the  values  of  F can  be  obtained  by  difference.  The  accuracy 
of  the  figures  obtained  will  be  low. 
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Initially,  with  pure  GB,  F =0  and  M is  very  small  so  that  equation 
(l)  simplifies  toi- 


d& 

at 


= kdG. 


which  enables  a value  for  kd  to  be  obtained. 


kQ  can  bo  obtained  by  measuring  the  slope  of  the  gas  evolution  curves 
at  various  points  and  substituting  the  values  in  equation  (2), 


Finally,  as  already  noted  at  the  maximum  point  in  the  plot  of  P against 
time,  w have  dP  = 0 md  hence:- 
dt 


Ka 


= 2a_ 

k'a 


The  values  obtained  for  kc  are  given  in  Table  I. 


Table  I 


Evaluation  of  k0. 


80°C. 

90"0. 

t(hrs.) 

U 

' kox10^  (lira--*) 

t(hrsO 

M " 

kc  xl  O^hrs ) 

200 

0.021 

5.20 

50 

0.010 

2.61 

300 

0.032 

3.48 

100 

0.025 

1 .48 

A 00 

0.042 

2.98 

150 

0.045 

1.00 

500 

0.053 

2.77 

200 

0.068 

1.07 

boo 

0.068 

3.53 

250 

0.105 

1.27 

700 

0.093 

3.60 

300 

0.173 

1.57 

800 

0.124 

3.95 

350 

0.310 

2.49 

900 

0.173 

4.82 

400 

0.658 

6.31 

1000 

I 0.253 

6.78 

1100 

0.407 

11.2 

1200 

0.682 



100°G. 

1 20  °C. 

t(hrs.  ) 

1 L 

kox102  (hrs"1) 

t(hrs.) 

H 

k^hrs"1) 

30 

0.004 

5.43 

r-  gr 

6.66s 

$353 

50 

0.008 

3.6'3 

8 

0.013 

0.240 

70 

0.015 

3.58 

10 

0.018 

0.236 

90 

0.028 

2.49 

12 

0.028 

0.180 

110 

0.040 

2.48 

14 

0.038 

0.174 

130 

0.060 

2.52 

16 

0.050 

0.180 

150 

0.090 

2.71 

18 

0.068 

0.196 

170 

0.145 

3.51 

20 

0.095 

0,202 

190 

0.253 

5.38 

22 

0.133 

1.216 

210 

0.530 

11.4 

24 

0.186 

0.268 

26 

0.298 

0.448 

28 

0.525 

0.968 

The  values  of  U are  expressed  in  aoles/initi&l  mole  GB  and  so  the  units 
in  which  the  rate  o instants  are  expressed  are  again  hours”-* . This  point  .as 
previously  discussed  (P.T.P.  26'5)  * 
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It  will  be  noted  that  the  initial  values  for  k0  are  somewhat  high  and 
that  subsequently  the  values  appear  to  increase  a3  the  reaction  proceeds. 
Initially  the  accuracy  of  the  gas  evolution  data  is  not  great  so  that  the 
high  values  are  probably  spurious . The  subsequent  increase  in  the  rate 

constants  is  not  surprising,  as  it  must  bo  remembered  that  as  the  reaction 
proceeds  the  medium  in  which  it  takes  plaice  is  also  changing, being  initially 
pure  GB  and  subsequently  containing  increasing  amounts  of  the  various 
decomposition  products. 

In  view  of  these  considerations,  the  initial  high  values  and  those  later 
ones  obtained  for  values  of  M greater  than  0.2  have  been  ignored  and  the 
mean  of  the  remainder  taken.  ■ l’he  values  so  obtained  together  with  the 
previously  accepted  values  (P.T  J?.  265)  ore  given  in  table  III. 

The  values  of  k^  obtained  from  the  initial  slopes  of  the  plots  of  G 
versus  t (P.T.P,  265;  Figures  5-8)  are  also  given  in  table  III.  Since 
the  valves  of  G show  appreciable  scatter  the  accuracy  of  those  figures  is  J.ow, 

Values  of  K<j,  the  equilibrium  constant  for  the  disproportionation 
reaction  II,  are  obtained  as  described  above  from  the  data  for  the  concentrations 
of  reaotants  present  when  the  concentration  of  difluoride  is  at  a maximum. 

The  derivation  of  these  values  is  given  in  table  II. 

Table  II 

Evaluation  of  Kfl. 


Temperature  j Time  at  j (gb)  remaining  jflvieRIF  j = 


j which  | « G * = F. 

i maximum  j moles/initial  moles/initial  mole 
j occurs  mole  GB,  GB. 


j occurs 
! hours 


0.070 

0.0805 

0.081 


f£ 

Ka  B(! 


0.096 

0.079 

0.062 


fo  OB  in  mixture 
in 

equilibrium 


No  maximum  was  reached  in  the  times  for  which  the  experiments  at  120 
wore  conducted. 

Values  of  the  rate  constants  for  the  reverse  reaction  II  lc'^,  can  be 
obtained  fraa  those  for  k^  and  K<p.  These  are  also  given  in  Table  III. 
Values  so  obtained,  are  for  the  uncatalysed  reverse  reaction. 

Table  III 

Values  of  the  rate  constants  for  the  reactions  ocourinc  in  the  thermal 

decomposition  of  GB. 


• Temperatures  k0  hrs”"' 
< o_ 


k,j  hrs“"* 


; Value 

i 

Value  Value 

(P.T.P.  265)j 

Value 

(F.T.P.265) 

- - - - 

hrs“1  ! 

1 

80  3. 59x1 0"3 
90  1.28x10-2 
100  2.99x10-2 
120  0.210 

3.7OX10**-5  1.1x10“^ 
i .18x10-2^.0x10^'- 
2.36x10~2  \3.3rtO~* 
0.239  |2.4x10"3 

1.93x10“^ 

5.66x10-^ 

1 .68x10“3 
7.65x10-3 

0.096 

0.079 

0.062 

1.1x10-3 

7.6x10-3 

5.3x10-3 
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Plots  of  the  logarithms  of  the  rate  constants  again;  ;t  the  reciprocal 
of  tne  absolute  ta:iperature  are  diown  in  figures  4 and  5.  The  variations 
of  the  constants  with  temperature  may  he  cacprossodby  the  following  equations, 
in  which  T is  the  absolute  temperature: - 


log10lcc 


l°Siokd  = 


14.6838  - 6038.44 
T 

7.7710  - hi  02.93 
T 


log10k’d  = 


log10Kd  = 


10.1088  - 4556.97 
T 

1214-8.42  - 4.5502 
1 


These  equations  were  calculated  by  the  method  of  least  squares 


The  corresponding  energies  of  activation  are:- 

New  Value 


Previous  Value 
(P.T.P.  255T 


For  reaction  I 

For  forw  rd  reaction  II 

For  reverse  reaction  II 


27.6  K. cals ./mole  28.3  K.cals./nole 

18.8  K. cals ./mole  25.4  K.cals./moles 

20.8  K. cals ./mole  - 


The  heat  of  reaction  for  the  disproportionation  determined  from  the 
values  of  Kd  is  5.7  K. cals. /mole. 

As  previously  noted,  the  data  from  which  the  values  of  k^  are  derived 
show  appreciable  scatter  and  as  the  plot  of  log  k^  against  1/T  also  shows 
some  scatter,  the  value  for  the  activation  energy  for  the  forward  disproportion- 
ation reaction  can  only  be  regarded  as  a rough  approximation.  It  would,  however, 
seem  that  the  activation  energy  is  rather  lower  than  had  been  previously  supposed. 

Since  the  values  of  k*  . are  derived  from  those  of  kd  and  K^,  the  accuracy 
of  the  value  of  the  activation  energy  for  the  reverse  reaction  is  even  less. 

The  values  of  the  activation  energy  for  reaction  I,  and  the  heat  of  reaction 
II  are  regarded  as  reasonably  accurate  since  the  plots  of  log  k0  and  log 
against  1/C  show  good  linearity. 

A value  for  Kq  at  25°0«  may  he  derived  also  from  thenao  chemical  data 
(B.  Neale;  P.T.P.  339). 

The  calculations  involved  are  given  in  Appendix  I.  The  value  obtained 
for  Ka  at  25°C.  is  1.003,  and  at  this  temperature  the  reaction  mixture  would 
oontain  GB,  25?fc  of  uethylphosphonic  difluoride  and  25 $ of  di-isqprqpyl 
methylphosphonate  . 

The  valve  of  at  25°C.  obtained  from  the  equation  derived  from  the 
values  from  the  kinetic  data  is  0,44.  This  would  mean  that  the  reaction 
mixture  would  contain  60$  GB  and  20$  each  of  difluoride  and  di-ester.  The 
agreement  is  fair  considering  the  methods  by  which  the  values  are  obtained, 
and  the  assumptions  involved. 
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It  i.iay  also  be  noted  that  the  heat  of  the  reaction  fra.)  kinetic  data 
in  the  temperature  range  80-10C°C.  i3  5.7  K.  cal  ./mole,  while  that  from 
the  theruooheuioal  data  at  25°C.  is  2 K.oal./uole.  In  view  of  the 
assumptions  involved  and  the  difference  in  temperatures  at  which  the 
values  are  obtained  the  agreement  between  the  two  values  is  good, 

5,  Experiment;-. on  the  reaction  of  methylphosphonic 


methylphosphonate  (Reverse  reaction  II 


Preliminary  experiments  had  shown  that  some  GB  was  formed  when  a mixture 
of  methylphosphonic  difluoride  and  di-isopropyl  methylphosphonate  was  heated 
together*,  It  was  soon  found,  however,  tliat  the  SB  formed  subsequently 
decomposed  by  Reaction  I.  The  difluoride  is  very  hygroscopic  and  readily 
hydrolysed  to  acid,  so  the  mixtures  were  made  up  in  a dry  box.  also  with 
a view  to  retarding  the  decomposition  of  the  GB  formed,  some  experiments  were 
carried  out  in  the  presence  of  a base  or  steel. 

The  results  obtained,  starting  with  an  equimolar  mixture  of  the  di-ester 
and  difluoride  are  given  in  Table  TV . 


Table  IV 


Reaction  o ' 


EsaagMaiBsaassH 


me thylpho  sphonat  e 
The  two  substances  were  present  in  equimolar  quantities. 


1 Temperature 

j of 

j experiment 


Time  of 
experiment 


2 hours 


Conditions  of 
experiment . 


Stored  alone 


% GB  found 
at  end  of 
experiment  ’ 
(Peroxide  method)| 


Remarks 


2g-  hrs 


. 0.7$ 

1 

Prcpene 
j evolved- 

iauount  not 

1 .5>b 

jaeasured' 

i 

1 

6m6/o 

Propene 
cvolvod- 
amount  not 

1 measured. 

5$  Tri-n-butylamine 
added. 

Stored  alone 


In  presence  of  stee 

it  ii  ii  ti 

Tri-n-butylamine 


From  the  value  of  the  rate  constant  for  tliis  reaction,  k' at  100°C.  given 
in  table  III,  the  amount  of  GB  formed  in  22y  hrs.,  and  64  hrs.  -would  be  about 
1i;':  and  25/  respectively.  It  is  possible  that  the  amount  of  GB  formed  in 
the  experiment  where  the  mixture  was  stored  alone  for  22w  hrs.  at  100°C,  was 
of  the  order  of  11$,  since  6,6 $ was  found  at  the  end  of  the  experiment  and 
some  had  decomposed  to  give  pronene.  On  the  other  hand,  it  is  clear  that  tho 
presence  of  steel  or  bases  retards  the  reactions,  presumably  by  removal  of 
acid.  This  means  that  the  reaction  is  acid  catalysed  and  it  would  seem  tliat 
the  spontaneous  rata,  if  any,  is  appreciably  slower  than  that  indicated  by 
the  rate  constants  given  in  table  III. 


S S C R B T 


rs£.O  JL  B .I  ■•• 

AtSu-pto  •'• ' r • / •.  vr„lo  «-  .>  at-ndr  ;.  s"  p'  3 aa  had  boon  done 

In  the  Cjuaa  ■>-  ti.  nal'i  r.-i;  j‘r  .\*va  •.•tt'.’f  T.'iieh  v-gi-j  not  constant  and  appeared 
to  incsv  >.no  nr'-h  i*.  r?-.aei'»3  ac.d  aoncondraiion.  This  and  the  feet  that  w 
gas  oroiv ':ior'  ccouv  ■?.  :n  ?•  of  Vn  c'dier  aoifin  indicated  that  no 

direct  st.a  cr~o-..v.';i.. •'.  ~ ;,cv  :c  1 o:r.  vie  dS-uti-n*  as’d  it  woe  au^ostod  that  the 
propona  •.•  mV-, rr'.^v'i  cc.v. ; fro;  f;  faxr.d  Ip  nca>  roaoiion  in  the  aye  tea* 

dnaJr'tic  o ’ '--Vj  .’-(.aid  i-oa-  ir  i a*  -*'v  r-.d  o:?  tho  experiments  by  the 
Poroxido  ujtfc.<  -one  c:  (r!  wjount  depending  on  the 

SDOurrt  c f Y.r  v-  '■•V  p-^af.  c ic  ■'  uori  i-ar'd  originally  present*  Infra-red 
analysis  indiu'.'l'  ■a-.'  pvba«a  > of  ■'vaon  o:.'  GB,  but  identification  of 
«nty  /•  ■ in  a uf.xturu  nr.i‘..*\i:iiny  about  8Cy  of  the  di-o*ter  and  20f : of  the 
add  in  e*'t:.'o,»r.  :.y  fil'd  ault. 

Having  cbt  •’  ..d  tb,  41  -ion  ont  of  ih<>  jrixtur.a.j  it  ia  possible  to  work 
out-  rat.  jonchvti  :?cv  *!.i  cite. position  of  the  OB  into  propone  oat&lyaod 
by  the  rSO* 5 j^r^-whser.** -ridi c c.eM*  Tbe  results  together  with  the  other 
<*abt  ar*  ,"rlv  ’ ’ ' 


3 ;i?y>ii2S8feoT^lX 


7&s 

1 £/S/B  l £ 


•vVnt  of  aoid  Bate  constant 
..warning  for  decomposition 
< initial  . «f  « e*  tM*C 
-aid  less  GB  • %re#*^ 


i polo  ostor 


2*50  x 4<T* 
2*49  * 1 O'2 
2*51  x 10-2 
3*40  x IQ-* 
4*42  X 1KT2 
5.73  * nr* 


ruts  eaa8tft-..ts  \*irj  cV  .i.sl  fJrora  the  oquatiom- 


'"eP0(y)(QH)! 


the  slopj*  j r /•.  ,T3  to-  r-r  end  of  the  experiments  i*e*  at 

too  aaui  wo  a:  -ni  enr.**-  -:i- a;'  wvo  daterulnad.  The  final  uethyl- 

..  Mr,-  •-•  v'-i  r,  \ ;*o  r:;l  in  tho  calculation,,  as  in 

action  ’siiii  v'-.j  • i rep  ao  >d  by  a "e-ikor  aoid. 


>}■  .SK 

■ 1- 
\ 


~..j  ...on  *'*  . 

vfct.ch  v . h. 


.ato  -S'.  t i . able  7 in  >.4  x ItT®  * 
-h  <•  "»  vc"tn  rita^.l  J:..  ..able  ZH*  vts 
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Attempts  to  obtain  rate  constants  fra . initial  slopes  as  had  boon  done 
in  the  case  of  the  half  ester  gave  values  which  were  not  constant  and  appeared 
to  increase  with  increasing  acid  concentration.  This  and  the  fact  that  to 
gas  evolution  oocurod  in  the  presence  of  the  other  aoids  indicated  that  no 
direct  gas  evolution  occured  from  the  di-ostor  and  it  was  suggested  t'lat  the 
propone  evolved  nij^it  come  from  GB  formed  by  some  reaction  in  the  system. 


' I 


Analysis  of  the  liquid  residues  at  the  end  of  the  experiments  by  the 
Peroxide  method  showed  the  prosenoe  of  GB,  the  amount  depending  on  the 
amount  of  the  uethylphosphonof luoriddc acid  originally  present.  Infra-red 
analysis  indicated  that  presence  of  traces  of  GB,  but  identification  of 
only  4 in  a mixture  containing  about  80/  of  the  di -ester  and  20  . of  the 
acid  is  extremely  difficult. 

Having  obtained  the  GB  content  of  the  mixtures  it  is  possible  to  work 
out  rate  constants  for  the  decomposition  of  the  GB  into  propene  catalysed 
by  the  methylphosphonofluoridio  acid.  The  results  together  with  the  other 
data  are  given  in  Table  V. 


Table  V 

Decomposition  of  Di-isopropyl  nethylphosphonate  - 
iicthvlphosphonof  luoridic  acid  Mixtures. 


initially 
present  in 
moles/initial 
mole  estor 


/-  by 
weight 


Temperature  100°0. 


snd  of  exp  oriae: 
"in  moles/initT 
mole  ester 


remaining 
i.e.  initial 
acid  less  GB 
formed 

raoles/initial 
mole  ester 


for  decomposition 
of  GE  at  100°C 
hrs.-l 


0.2601 

0.2137 

0.1421 

0.1115 

0.0659 

0.0431 


0.0621 

0.0600 

0.0527 

0.0419 

0,0262 

0,0132 


0.1980 

0.1537 

0.0894 

0.0696 

0.0397 

0.0249 


2.50  x 10”2 
2.49  x 10-2 
2.91  x 10-2 
3.60  x 10“2 
4.42  x 10-2 
5.73  x 10-2 


The  rate  constants  were  obtained  from  the  equation: - 


-dLGBJ 


= k0  jjGBj  |ueP0(P)(Qrl)| 


the  slopes  of  the  ourve3  being  measured  at  the  end  of  the  experiments  i.e.  at 
the  sane  time  as  the  GB  concentrations  wore  determined.  The  final  uethyl- 
phosphonofluoridio  acid  concentrations  V7ere  used  in  the  calculation,  as  in 
reaction  with  the  di-estor  it  is  probably  replaced  by  a weaker  acid. 

■ The  mean  value  of  the  rate  constant  fra.)  Table  V is  3.6  x 10-2  hrs”\ 
which  aGToes  remarkably  well  with  t..e  value  obtained  in  Taole  III,  viz 
3.59  x 10"2  lars** * • 
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The  nature  of  the  reaction  between  di-isopropyl  ijQ thylphosplionate  and 
uethylphosphonofluoridic  acid  is  not  known.  A direct  trans-esterlfioation 
is  possible: - 


MoPO(  j')(Orl)  + IJaPO(OPrP), 


MePO(?)(OPrf)  + MePO(OPrP)(OH) 


A more  likely  mechanism,  by  knovm  reactions^  is  the  disproportionation  of 
the  acid  into  nethylphosphonic  difluorido  and  rnethylphosphonic  acid  followed 
by  reaction  of  the  di -ester  and  difluoride  to  give  GB  (reverse  reaction  II). 


2 MqP0(F)(0H) 


MePOPo 


MePO(OS), 


MeiP0P2  + ueP0(0Prp)2  - •>  2 MePO(F)(OPrfy 

GB. 

7.  The  effect  of  fluorides  on  the  decomposition  of  pure  GB. 

The  mechanism  for  the  disproportionation  reaction  suggested  in  P.T.P.  265 
involved  the  separation  of  the  GB  into  a fluoride  ion  and  a phosphorus 
containing  cation.  u possible  alternative  mechanism  suggested  by  Hudson 
and  Bevan  (P.T.P.  330)  involves  the  rupture  of  the  P-0-  bond  yielding  an 
isoprqpoxide  ion. 

It  was  thought  that  it  night  be  possible  to  distinguish  between  the 
two  mechanisms  by  investigating  tlie  effect  of  fluoride-  ion  on  the  reaction, 
which  should  be  retarded  if  the  first  mechanism  is  correct. 

Experiments  were  oarried  out  with  GB  to  which  2.9 ,<■  of  tributylanine 
hydrofluoride  wad  4,;  excess  tributylamine  were  added  and  using  GB  plus  4,- 
tributylauino  as  controls.  Actually  the  base  hydrofluoride  was  not  in  fact 
prepared,  but  one  equivalent  of  base  was  added  to  a solution  of  a knovm.  amount 
of  IIP  in  GB.  The  results  are  given  in  table  VI. 

Table  VI 

Effect  of  fluoride  on  tire  thermal  decomposition  of  GB  at  120°0. 


Titie 

GB  content 

+ Gas  evolved 

Percentage  of  original 

Experiment 

of 

>*•  by  weight 

moles/initial 

GB  deojtposed  J 

storage 

initial 

after 

mole  GB  .... 

hours 

storage 

Total;  HP  Frqpene 

Total  By  i By 

[ 

Reaction  jReaction 

— 

i 

1 

1 4-J5— 

GB  + 4;  7 

BujN  + 24 

2.9,  Bu^N/F  ^7 

GB  + l&i  7 

BUjN.  24 


GB  + solid 

lithium 

fluoride. 


96.0  ! 


90.9  Nil  Nil  Nil  2.4 

36.2  Nil  Nil  Nil  7.4 

84.6  0,006  0.001  0.005  9.1 

73.7  0.052  0.007  0.051  20.8 

94.0  Nil  Nil  Nil  2.1. 

90.5  Nil  Nil  Nil  5.7 

39.1  0.003  Nil  0.003  7.2 

83.2  0.029  Nil  0.029  13.3 

97. 2**  Nil  Nil  Nil  2.8 

96. 111  0.005 ^ Not  analysed  3.9 1 
79.9*'0.034jNot  analysed  20.1 ; 


Nil  ■ 2.8 

Not  known 
Not  known 


m The  GB  did  not  dissolve  any  lithium  fluoride  at  root,  temperature. 

♦ The  figures  for  Hi'  and  propene  oontain  the  amounts  of  these  gases  combined 
os  isopropyl  fluoride  and  hence  the  sum  of  these  amounts  .may  exceed  the 
actual  observed  total, 

-11- 

SECRET1 


SB  CR2  I 


It  will  be  soon  that  the  amount  of  GB  decomposed  was  in  fact  greater 
when  tho  hydrofluoride  was  present  than  in  the  controls*  . T'lis  nay  be 
duo  oither  to  oatalysi3  of  the  decomposition  by  the  tribvtylauuoniu.i  ion 
or  to  the  presence  of  seme  f;  ee  HP,  as  it  is  unlikely  that,  even  in  the 
presence  of  the  excess  ba30,  the  equilibrium 

BujN  + If'1  ■ ■>  (Bu^NH)+(P)"" 

proooods  entirely  to  the  right  in  this  medium.  These  experiments  therefore 
contribute  nothing  to  the  study  of  the  mechanism  of  reaction  II. 

ho  it  had  boon  found  that  lithium  cliloride  was  soluble  to  3ome  extent 
in  GB,  it  was  thought  that  the  fluoride  night  be  sliglitly  soluble  end 
lienee  provide  fluoride  ion  in  the  solution.  Experiments  were  carried 
out  in  which  pure  GB  was  addod  to  tubes  containing  dried  lithium  fluoride. 

Tlio  results  or o also  given  in  table  Vi.  It  was  found  that  the  decomposition 
of  the  GB  by  both  reactions  I and  II  was  appreciably  retarded  as  compared  with 
GB  stored  above.  A comparison  of  the  gas  evolution  from  GB  alone  and  in  the 
presence  of  lithium  fluorido  is  shown  in  figure  8.  This  result  was  quito 
unexpected  and  tho  only  explanation  which  can  be  advanced-  is  that  the  catalysis 
by  aoid  of  tho  decomposition  reactions  is  prevented  by  removal  of  the  acid  by 
reactions  such  as:- 

LiF  + IIoPO(F)(OH)  ) IIP  + HoP0(l<')(0Li) 

. LiP  + HP  * LiHP2. 

Tho  experiments  do  not -provide  any  evidence  for  the  mechanism  of  reaction 
II,  but  the  marked  retardation  of  the  decomposition  made  the  consideration  of 
.alkali  metal  fluorides  as  stabilisers  for  to  clinical  GB  desirable.  Experiments 
carried  out  to  examine  this  possibility  have  already  been  reported  (P.T.P,  38I ) • 

8.  The  thermal,  decomposition  of  methyl  methyl phostihonof luoridat a . 

The  difficulty  of  isolating  one  of  the  reactions  involved  in  the 
decomposition  pf  GB  made  the  consideration  of  the  decomposition  of  related 
compounds  worthwhile.  The  obvious  choice  was  methyl  methylphosphonofluoridate 
sinoe  this  should  undergo  disproportionation  but  no  olefine-forming  reaction. 

A sample  of  tho  compound  was  prepared  but  it  proved  to  be  unstable  at  room 
temperature  and  a study  of  its  decomposition  could  not  be  undertaken. 

9.  Discussion 

Reaction  I,  the  decomposition  of  GB  into  methylphosphonofluoridio  acid 
and  propone  is  catalysed  by  all  the  acids  which  may  be  present  as  impurities 
in  technical  GB.  The  values  of  the  rate  constants  and  the  activation  energy 
for  tliis  reaction  obtained  in  tho  present  report  do  not  differ  greatly  from 
those  previously  ropartod  (P.V.P.  265).  Tho  mechanism  for  this  reaction 
previously  proposed  3till  holds  good,  although  there  is  some  indication  from 
infra-rod  spootra  that  the  iiydrogon  ion  is  not  looatod  at  the  oxygen  of  the 
phosphocyl  group  and  the  alternative  representation  of  tho  transition  state 
involving  hydrogon  in  attack  at  the  oxygen  of  the  isoproproxy  group  is 
therefore  preferable,  i.e. 


OH,  _ CI-I, 

V 6 | J 

CH-0-P=0 
/ 1 1 

OK,  [iP 

5 + 


I 3 B 0 R BJC 


J 


sac  SET 


At  tlie  moment  no  further  discussion  of  the  effectiveness  of  the  different 
acids  as  catalysts  for  tlio  reaction  is  desirable  but  this  may  be  possible  when 
the  results  of  conductivity  measurements  now  in  progress  at  Porton  are  avail- 
able. 


She  picture  with  regard  to  Reaction  II  on  the  other  hand  is  still  rather 
confused.  Tlie  meaning  of  the  rate  constants  and  aotivation  energies  obtained 
is  by  no  means  clear. 


It  seems  certain  that  in  the  absence  of  reaction  I this  reaction  will 
proceed  until  an  equilibrium  is  sot  up.  She  results  reported  in  Appendix  XII 
to  P.S.P.  331  indicate  that  this  probably  occurs  in  &B  under  practical  storage 
conditions.  She  amount  of  GB  present  at  equilibrium  will  increase  with 
temperature,  being  about  30/  at  25°0.  and  80/  at  100°C. 


As  previously  noted,  two  alternative  mechanisms  for  Reaction  II  have  been 
proposed,  the  first  (A)  in  P.T.P,  2t>3  and  the  second  (b)  by  Hudson  and  Bev&n 
(P.S.P.  330).  0 Q 


Pr-O-P-F 

t 

lie 


Pr-'-OAP  v 

i 

Me 


0 0 

»(’+')  " 

Pr--0-Pv  ' + F-P-OPr^ 
I I 

Me  Ho 


0 0 

* df 


* (i  / \ 

Pr5  -O-P-O-Pr?  + P-Pw 


0 

Pr  -0-P-P 

i 

Ha 


0 

lie 


0 

+ F ( » F-P-F 

Me 

/ S0 

PrP-0“  + '+'p-F 

I 

Me 


Pr'-O”  + F-P-OPr- 

I 

lie 


PiPo-P-OPriJ  + P“ 


P"  + F-p(+) 
i 

Me 


0 

I!. 

F-P-F 

I 

Me 


Hudson  and  Bevan  (Loc.  cit.)  suggest  that  acid  oatalysis  of  tlie  forward 
reaction  could  be  axplainod  according  to  the  first  mechanism  by  Assisting  the 
first  stage  and  loading  to  the  formation  of  un dissociated  acid:  - 


Prit-O-PAF  + H4 
i 

Me 


PrU-0-P.....F,.-ir 

t 

Me 


Pr3-0AP^+^  + HP. 
) 

Me 


In  the  case  of  mechanism  B,  on  tlie  other  hand  isopropanol  would  be  formed. 
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It  has  already  boon  noted  that  bases  retard  the  forward  reaction 
(P.T.F,  265).  The  reverse  reaction  is  also  retarded  by  bases  and  in  the 
presence  of  steel.  This  action  of  bases  may  be  duo  to  competition  between 
two  anionoid  groups  for  the  phosphorus  cation  at  the  second  staitc,  'as 
was  suggested  in  P.T.P,  265.  However,  the  retardation  in  the  presence  of 
steel  must  be  duo  to  removal  of  acid  by  reaction  with  the  steel,  and  the 
effect  of  bases  is  more  likely  to  be  due  to  the  sane  oause. 

The  present  experiments  have  not  made  the  elucidation  of  the  mechanism 
of  this  reaction  possible.  It  is  possible  that  aluminium  fluoride  would 
enable  a differentiation  between  the  two  mechanisms  to  be  made  since  it 
readily  combines  with  fluoride  ion  to  yield  the  fluoal'iminate  ion,  41F, 

If  it  increased  the  rate  of  the  disproportionation  reaction,  meolianisi.i  1 
would  bo  favoured. 

The  possibility  of  making  GB  by  the  reverse  reaction  II  from  methyl- 
phosphonic  difluoride  and  di-isopropyl  me thylpho sphonat  e does,  not  appear 
to  bo  v/ortliy  of  consideration.  although  the  equilibrium  mixture  at  100°C, 
sliould  contain  80/.  of  G3,  the  actual  rate  of  the  reverse  reaction  is  rather 
slow,  and  it  is  difficult  to  prevent  the  decomposition  of  GB  by  reaction  I, 

In  the  presence  of  bases  or  steel  when  reaction  I is  retarded,  the  never s 6 ’ 
reaction  II  is  also  retarded.  ..  catalyst  for  reaction  ii  only  and  a reaction 
tei-uerature  of  120°C.  or  above  might  make  the  process  worthwhile.  Aluminium 
fluoride  might  be  suitable  if  it  reacts  as  suggested  above,  but  the  complex 
fluoride  might  prove  too  stable. 

Further  experiments  with  aluminium  fluoride  might  be  worthwhile , but  it 
has  not  been  possible  up  to  the  present  to  carry  out  any  further  work  on  this 
problem. 


Sura  ary  and  Conclusions 

1t  Further  work  on  the  thermal  decomposition  of  isopropyl  methylphosphono- 
fluoridate  (GB)  has  shown  that  the  reactions  involved  differ  in  seme  respects 
frep  the  scheme  previously  suggested, 

2.  The  decomposition  cc.nists  of  the  acid  catalysed . dac.viposition  into  propone 
and  uethylphosphonofluoridio  acid  showing  second  order  kinetics,  and  the 
simultaneous  reversible  disproportionation  into  me  thylpho  sp  honi c difluoride 
and  di-isopropyl  methylphosphonate, 

3.  The  decomposition  of  tho  di-ester  produced  in  the  dispreportionation  has 
been  shown  not  to  occur  in  the  system  so  that  the  reverse  dispreportionation 
must  be  considered. 

4«  The  data  previously  obtained  have  been  reconsidered  in  accordance  with 
the  later  findings  and  new  values  for  the  rate  oonstants  obtained.  Values  of 
the  equilibrium  constant  for  the  dispreportionation  have  also  been  calculated. 

5«  Other  experiments  have  not  enabled  the  mechanism  of  the  dispoxportionation 
reaction  to  be  elucidated  an’  the  significance  of  the  rate  constants  obtained 
for  this  reaction  is  by  no  means  clear, 

6*  The  results  obtained  for  the  propane  evolution  reaction  do  not  differ 
significantly  from  these  obtained  previously  and  the  main  conclusions  of 
earlier  reports  still  hold  good. 
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aendlx  I 


Calculation  of  the  eauilibrium  constant  for  the  disproportionation  reaction 
SET  thermochemioal  data 


Using  the  values  given  by  Neale  (P.T.P.  339),  the  heat  of  formation  of 
di -isopropyl  methylpho  sphonate  may  be  calculated  as  follows  :- 


(i)  Heat  of  formation  from  atoms  is  the  sum  of  :- 
CHj  i.e.  3 x C-H  = -3  x 99.4  * 


2 x iso  C^HyO 


-2  x 945.7  n 


-298.2  K.oal./aole 
-1891.4  K.oal./mole 


p-c(uk. ) 

~z 

2 xP-OC(Uk.)  =2x95 


-2585.6 


(ii)  To  obtain  the  heat  of  formation  from  elements  in  their  standard  states 
T/e  add  the  sum  of  the  heats  of  atomisation  of  the  elements:- 

i.e.  -7  C = 7 x 171.7  » 1201.9  K.oal./mole 

r 1 ' 3 • 17  H = 17  x 52.0  = 884.0 

3 0 *.  3 x 59.2  = 177.6 

Pa  75.2  a 75.2 

■ i iZ 


(iii)  The  heat  of  formation  of  gaseous  di -isopropyl  methylphosphonate  from 
elements  in  their  standard  states  is  therefore :- 

-2585.6  + 2338.7  K.oal./mole 
■ -246.9  K.cal./mole 

The  latent  heat  of  vaporisation  of  the  ester,  obtained  from  vapour 
pressure  data  (B,  Neale;  P.T.P.  34l)  is  14.7  K.cal./iaole. 

Hence  the  heat  of  formation  of  the  liquid  ester  is:-  - 

-246.9  - 14.7  K.cal/aole 
a -261.6  K.oal./mole 

Heal  (P.T.P.  339)  gives  for  the  heat  of  fbrmation  fr*xn  elements  in 
their  standard  states 

GB  -257  K.oal./mole 

MePOPg  -254  K.oal./mole 

Taking  a rounded  off  figure  of  -262  K.oal./mole  for  the*  eater,  ee 
have  for  the  disproportionation  reaction: - 


MeP0F2  ’+  MeP0(0Pr3)  . 


-2  x 257 


Mm  -254  - 262  - (-2  x 257) 
a -2  K.oal./mole 
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*$'  , terns -tn’if  iao5  ’ti  «ai;;Jr*  'Xtc-S'bnruirrt  '■• 

* '-sr^So.-:  •;  ,.oi‘»V -'-o- •-*>*  -jv.-M 


\.  . ■) 


* • 


■ V"  - +•  •*  ■->-•  , 

o *iii  0 ',«:■£  ’iT 


\ ... 


Hot?  fl?  = 4E-  Ift.j  •'■  \*  - - 

If  £ S is  nuali  and  can  ht  neglect':!  th-'.-is  • 


*-  t • 


\ — r JjfV  a s -2  K.crI./:  iolo 

w ‘ifv  ...os'j:  Henoa.;  lilt -Ik's  EgrO.' is  •.  ~£j?'.i= ^ /..■ 

t '--I-  ’ * \ • ~ • ■ '-1  • i • -,  i ..  ^ I'vC  * • . * ■■ ' ■ . ' ■ 1 : 'e  . 

■ •«  •■"•  - i«JL  yiC  ■ y'j  2'  ■■  !■ , v.O»Qp53&';:: 

r . r ...  . " 1.966'  X 230 


■i.r0i 

.1  ; Jt:-o  ..ali..  ■ i*.-: 


s 0.0012-7 


and  Kg^o  = 1.003 

-■  - \.J'  V 


* • . • - 

,v.  1 ' 


Hence  at  equilibriut."  jpaPDFjj"|lio?0(0?,i^)  ^ = 1.003 

•4  — »— _ W 

• ' (4(gbJ)2  - ••  .i  ■ - 

- and  since  jiIeP0Fj|  =>  jL^cCOOrlsQ 
- rre  can  put  |MeP0J^  « 1.001  x Jj®*}  £ vfosj 

[ + plMorOJegl  pt  1 


also 


• i 

• »2 


fel  » £.0002,,]  » 0.29 

1.(9,  at  25°C«  the-  equilibrium  Eirture  ’veuld  d.ntein  ~x  GB»  230  of 
MePOF'g  and  Of  dl-estcr.  *•*.'. 
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